 The multicomponent training of cognitive control has effects on cognitive control.
Introduction
Cognitive control refers to the ability to regulate, coordinate, and sequence thoughts/actions in accordance with the current task goals (Braver et al., 2002; Koechlin et al., 2003; MacDonald et al., 2000) . It has been thought to be a domain-general process and to comprise a set of components including task switching, updating, response inhibition (for example, Fisk & Sharp, 2004; Miyake et al., 2000) and coordinating multiple simultaneous operations (Buitenweg et al., 2012; Enriquez-Geppert et al., 2013) . The frontoparietal network has been suggested as a neural basis for cognitive control (Niendam et al., 2012; Miller & Cohen, 2001; Vincent et al., 2008) . MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 4 Age-related cognitive decline has been found in various tasks highly dependent on cognitive control (Cabeza & Dennis, 2013) , while age-related brain atrophy and white matter deterioration has been found to be most pronounced in the frontal regions (O'Sullivan et al., 2001; Raz et al., 2005) . The functional connectivity within frontoparietal network was also reduced with age (Campbell et al., 2012) . It has been proposed that agerelated deterioration in cognitive control and the frontoparietal networks may be responsible for the age-associated decline in various cognitive domains (Campbell et al., 2012; Gazzaley et al., 2005; Hasher & Zacks, 1988) . Therefore, many studies on cognitive training for older adults have focused on cognitive control (Buitenweg et al., 2012; Karbach & Verhaeghen, 2014; Kelly et al., 2014) , in which the training for task switching, updating and dual-tasking has shown promise (for example, Dahlin et al., 2008b; Erickson et al., 2007; Karbach & Kray, 2009 ). These studies have provided consistent evidence for trainability of cognitive control, the evidence for transferability, however, has been somewhat limited.
Previous studies of cognitive control training have focused mostly on a single component of cognitive control. Recent reviews on the effects of cognitive training in healthy seniors suggest that training regimes need multiple components of cognitive control, MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 5 using various training tasks, in order to maximize the trainability and the transferability (Buitenweg et al., 2012; Green & Bavelier, 2008) . Few studies, however, examined the effects of training employing multiple components of cognitive control. Task variability during training might also contribute a larger transfer to untrained tasks by preventing the development of task-specific strategies, and enhancing general processing. According to the reverse hierarchy theory of perceptual learning (Ahissar & Hochstein, 2004) , tasks relying on higher-level representations will show more generalization of learning than those relying on lower-level representations. In perceptual learning, the greater the stimulus variability during the training is, the higher the likelihood of higher-level learning and, thus, the more transferable the training effect is. This theory could be applied to other training regimen beyond perceptual learning. In cognitive control, various training tasks, which would engage higher-level common processes of cognitive control, while involving slightly different lower-level operations, may make the training effect more transferable.
Task difficulty that could be adapted individually also seems to be an important feature of effective cognitive intervention. Adaptive training can prevent the automatization of processes and make the trainee challenged during the entire training procedure. Recent studies found consistent behavioral and neural evidences for the adaptive training effects in MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 6 working memory (Brehmer et al., 2011) and cognitive control (Anguera et al., 2013) in older adults.
The purpose of this study was to investigate the effects of adaptive training targeting multiple components of cognitive control in older adults. After 8 weeks of training for cognitive control in healthy older adults, we examined training-related changes in cognitive function and brain activation during an untrained cognitive control task.
Materials and Methods

Participants
Twenty-seven right-handed healthy older adults (aged 64-77 years) participated in this study. They lived independently in the community of Seoul, Korea, and reported no past or current psychiatric or neurological disorders, and no physical conditions that might compromise cognitive capacity. Prior to participation, they signed a written consent form approved by the Institutional Review Board of Seoul National University. The training group (mean age = 71.57, SD = 3.94; mean years of education = 6.43, SD = 3.96) consisted of 14 older adults receiving 8 weeks of multicomponent training of cognitive control; the MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 7 remaining 13 older adults (mean age = 71.31, SD = 3.23; mean years of education = 7.31, SD = 3.90) participated as the no-contact control subjects. All participants except one in the training group were women. The two groups did not differ in age or education level (ps > .56).
Neuropsychological Assessment
Neuropsychological tests were administered before and after 8 weeks of training. The neuropsychological battery included assessment of processing speed with Color Tails Test-1 (CTT-1; D 'Elia et al., 1996) and the Korean version of Stroop Word-Reading and ColorNaming (Shin & Park, 2007) , cognitive control with CTT-2 (D' Elia et al., 1996) and the Stroop Color-Word Interference (Shin & Park, 2007) , memory with the Immediate and Delayed Recall, and Recognition on Verbal Paired Associate (VPA) in Korean-Wechsler Memory Scale-IV (K-WMS-IV; Chey et al., 2012) , and attention span with the Digit Span Forward (DSF) and Backward (DSB) in Korean-Wechsler Adult Intelligence Scale-IV , and the Symbol Span (SS) in K-WMS-IV. Total score of the Korean Dementia Rating Scale-2 (KDRS-2; Chey, 2010), a translated and modified version of the Mattis Dementia Rating Scale (Mattis, 1988) , was used as a measure of general cognitive MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 8 functioning.
fMRI Procedures
Magnetic resonance imaging (MRI) was performed with a 3.0 T Siemens scanner (Erlangen, Germany). Functional images were generated with a gradient-echo-planar- 
fMRI Task
In the MRI scanner, the participants performed the Multi-Source Interference Task (MSIT), which consisted of two conditions (interference and control), and reliably activated the frontoparietal control network (Bush & Shin, 2006) . Three numbers were presented on the screen for 1850 ms and the participants were instructed to choose a number different from the other two with the keypad buttons under the right hand, labeled one, two and three from left to right. During the control condition, the distracters were MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 9 always zeros, and the target numbers were always congruent with their position on the button box (e.g. for 020, the answer is 2). During the interference condition, the target numbers were placed incongruently with their position, and the distracters were always other potential target numbers (e.g. for 232, the answer is 3). The inter-stimulus interval was 150 ms. A blocked design was used for the task across three runs, with 2 conditions, cycling 6 times at a fixed order (interference conditions followed by control conditions).
Multicomponent Training of Cognitive Control (MTCC)
Computerized training was given to the training group at a rate of 3 sessions per week
(1 hour in duration for each) for 8 weeks at the Clinical Neuroscience Laboratory of Seoul National University. At each session, the participants worked on two or three tasks prescheduled for the session.
The training protocol involved five tasks that were developed based on the components of cognitive control (Table 1) . Each task tapped one or more components of cognitive control and consisted of two or more levels of difficulty. These tasks were derived from experimental paradigms such as the Simon task, the Stroop task, the Go-NoGo task, the updating task, the dual-tasking and the task-switching paradigms. The first trial of each task started at the lowest level. The task difficulty, however, was adapted for each individual according to his or her performance level as the training proceeded [Insert Table 1 analyze the behavioral and imaging data, respectively.
Neuropsychological Tests
Group differences were examined using the independent-samples t-test for baseline neuropsychological performance. Group differences in overall training effect (post-training scores -baseline scores) on each cognitive domain were analyzed using MANOVA. Group comparisons of the performance change in individual neuropsychological tests were also investigated using the independent-samples t-tests, but the comparisons were one-tailed, since it was hypothesized that the cognitive performance of the training group would be more improved at post-training assessment than that of the control group. The performance changes within each group were also examined using the paired t-tests (baseline vs. posttraining).
fMRI Task Performance
In the analysis of the fMRI data, we excluded one participant in each group due to incomplete MRI acquisition and misunderstanding of the MSIT instructions in the control group and the training group, respectively.
Interference measures, adjusting for general practice effect across the task conditions, were calculated separately for mean reaction time of the correct responses (RT),
[(interference RT -control RT)/control RT], and accuracy (ACC), (control ACCinterference ACC). To examine group differences in the baseline MSIT performance, the independent-samples t-tests were conducted. Group differences in interference reduction (baseline interference -post-training interference) were also investigated using the independent-samples t-tests (one-tailed). The interference changes within each group were examined using the paired t-tests (baseline vs. post-training).
Functional Brain Activity
The functional images were reoriented, slice-time corrected, and motion-corrected.
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The anatomical images were normalized to an MNI 152 space. The parameters from this normalization were then used to normalize the functional images, which were sampled to a voxel size of 3 x 3 x 3 mm 3 and then smoothed with a 6-mm FWHM isotropic Gaussian kernel.
A statistical analysis was performed according to the general linear model. In the first-level analysis, the functional data was analyzed separately for each participant. This individual analysis modeled the two experimental conditions as explanatory variables and the six motion correction vectors as covariates. A parameter for each variable was estimated.
A subtraction image (interference -control) was then calculated for every participant and entered into a second-level random effect group analysis.
To identify the cognitive control-related activation at baseline, we ran a one-sample ttest on the pre-training first-level subtraction images from both groups. Group differences in the baseline activation were examined utilizing the independent-samples t-test. We conducted a whole-brain analysis, using group x time repeated measures ANOVAs, in order to determine whether any regions have changed after the training.
Results
Neuropsychological Tests
The two groups did not differ on any of the neuropsychological tests at baseline (ps > .24, two-tailed). In processing speed and cognitive control, performance enhancement was significantly greater in the training group than in the control group (for processing speed, F(3, 23) = 3.31, p =.038; for cognitive control, F(2, 24) = 7.30, p = .003). More specifically, the change differences in the following individual measures were significant:
Stroop Color-Naming, t(25) = 3.05, p = .003, in processing speed and Stroop Color-Word
Interference, t(25) = 3.16, p = .002, and the CTT-2, t(25) = 2.00, p = .028, in cognitive control (one-tailed, Figure 1A ). The training group showed significant improvements in all these tests, while the control group did not show significant change except in the Stroop Color-Naming (Table 2) .
Group difference in change of overall episodic memory was not significant, F(3, 23) = 1.25, p =.314. The training group showed a significantly larger improvement than the control group only in the VPA Recognition, t(25) = -1.80, p = .042 (one-tailed, Figure 1B ).
Training group showed significant improvement in the VPA recognition performance, while the control group did not show significant improvement (Table 2) . No significant group difference was observed in the Immediate and Delayed Recall of the VPA (ps > .33, one-tailed). There was no significant group difference in performance changes of overall attention span, F(3, 23) = 0.63, p =.603, and its individual scores, i.e. DSF, DSB, and SS (ps > .17, one-tailed). However, the performance improvement in the K-DRS-2 measuring the general cognitive functioning was significantly larger in the training group than in the control group, t(25) = 1.75, p = .046 (one-tailed, Figure 1B) . After the MTCC, the training group showed improvement in the KDRS-2 Total score at trend level, t(13) = 2.04, p = .063, whereas the control group showed no change, t(12) = -0.27, p = .791 (Table 2) .
[Insert Table 2 here]
[Insert Figure 1 here]
MSIT Performance
Group differences in MSIT interference (interference vs. control) were not significant in both RT and ACC (ps > .095, Table 2 ). The interference reduction (baseline -posttraining) in both RT and ACC were larger in the training group than in the control group, but the difference did not reach significance, t(23) = 1.28, p = .106, for RT and t(23) = 0.59, p = .282, for ACC (one-tailed). The training group showed significant reduction in interference (ps < .031), whereas the control group showed no change (ps > .124).
Baseline Brain Activation
The comparison of the MSIT conditions (interference > control) across groups showed widespread activation of the frontoparietal regions, including the bilateral middle frontal gyri and the superior parietal lobule, and the right medial frontal gyrus (p < .05, FWE corrected, and 10-voxel-cluster size threshold; Table 3 and Figure S1 ). The bilateral striatum were also activated. No baseline group difference was found in the cognitive control-related activation (p < .001, uncorrected, and 10-voxel-cluster size threshold).
[Insert Table 3 here]
Training-Related Activation Changes
In the group x time repeated measures ANOVAs, we found a significant interaction effects in several areas of the right frontal and parietal regions, and the left anterior insular (Figure 3 , p < .005, uncorrected, and 10-voxel-cluster size threshold) abutting the cognitive control-related areas observed in the pre-training session (Figure 2 and 3) . To ensure the direction of this effect, we analyzed signals extracted from a sphere with a 3-mm radius around each peak voxel, in both the pre-and post-training sessions (Table S1 and Figure 3 ).
The training group showed activity increases consistently in all these areas (ps < .05), while the control group showed no significant changes except in the right supramarginal gyrus and the left anterior insular where the activity had rather decreased (ps < .05).
[Insert Figure 2 here] [Insert Figure 3 here]
Discussion
This study found that cognitive control of older adults improved following the MTCC.
The training-associated improvement was observed in other cognitive domains as well, was used more broadly in the past to encompass the green color ('chorok' in Korean), elderly Koreans often misuse 'parang' for green color as well as blue color. This tendency interfered with correct response during Stroop Color-Naming.
Far transfer effect was also found in recognition memory and general cognitive functioning. Compared to the control group, the training group showed modest but significant improvements in the VPA Recognition and KDRS-2 Total scores. Interference resolution during memory retrieval might be the shared aspect of our training paradigm with the VPA Recognition, allowing the training effects transfer to this far-transfer task.
Another notable finding was a training-related improvement in the general cognitive functioning as measured by the KDRS-2 Total scores. Most studies, investigating the effects of cognitive training on general intellectual functioning, involved training working memory alone, and those found inconsistent results (Dahlin et al., 2008b; Jaeggi et al., 2008; Chein & Morrison, 2010; Richmond et al., 2011) . Jaeggi et al. (2008) found that working memory training was transferred to fluid intelligence in younger adults; however, this finding failed to be replicated not only in older adults (Dahlin et al., 2008b; Richmond et al., 2011 ) but also in younger adults (Dahlin et al., 2008b; Chein & Morrison, 2010) . In our study, the MTCC has demonstrated a potential to improve the general cognitive functioning of older adults who have been regarded as having limited cognitive plasticity (Dahlin et al., 2008b; Karbach & Kray, 2009 ) despite its small effect size. Task variability of the training has been proposed to be a contributing factor to transfer effects (Buitenweg et al., 2012; Enriquez-Geppert et al., 2013) .
One of the most interesting training effects was observed in the cognitive controlrelated activation. Despite subtle group differences in the change of MSIT performance, a group difference was observed in the brain activation change following the MTCC.
Compared to the control group, the training group showed increases in the right frontal and parietal activation, and the left anterior insular activation. The activation in the anterior insula and the precuneus strengthened after training. All these regions are part of the frontoparietal control network (Cole & Schneider, 2007; Vincent et al., 2008) . In addition, the precentral gyrus and the superior parietal lobule were recruited following the MTCC in the training group. The most prominent change was observed in the precentral gyrus extended from the inferior frontal junction that has been recently reported as being relevant for various component processes of cognitive control (Brass et al., 2005; Lenartowicz et al., 2010) .
It is noteworthy that multicomponent training of cognitive control resulted in what seemed
like an expansion of the frontoparietal network rather than an increase in signal intensity of the core regions of the network (i.e. peak voxels of the baseline activation). Consistent with these results, Karni and colleagues (1995) have found the experience-dependent expansions of the motor cortex following motor sequence training. Moreover, these expansions were associated with performance enhancements (Brain-Behavior Relations in the Supplementary Materials). Repeated and consecutive training may result in increased neural resource available for the acquired skill by inducing expansion of the task-relevant brain network, thereby improving the task performance. It is possible that an expansion of the frontoparietal control network, known as the domain-and process-general multidemand system (Fedorenko et al., 2013) , might be the neural mechanism underlying the near and far transfer effects. MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 20 Contrary to the training-related increase in the frontoparietal activity in our study, other studies, in which the trained tasks and the fMRI tasks were very similar (or even identical), have reported decreased activation in the frontoparietal areas following cognitive control training (Dahlin et al., 2008a; Brehmer et al., 2011; Erickson et al., 2007) . Although further investigation is warranted, this discrepancy is likely to result from the degree of similarity between the trained tasks and the fMRI tasks. We used the MSIT as an fMRI task, which is not similar in format or stimuli from the trained tasks, in order to avoid participants developing task-specific strategies and adaptation. Belleville and colleagues (2014) demonstrated that single task training resulted in decreased brain activation during the task, whereas variable priority divided attention training resulted in larger recruitment of the prefrontal cortex during the performing of the dual task.
Despite various evidences for effectiveness and transferability of the MTCC, there were important limitations in the current study. First, the small sample size, made up of almost entirely women, limited generalizability. The changes following MTCC were restricted to several outcome measures and the statistical significance was not enough in some of the measures. These limited findings might also have been due to the small sample size. Second, the criteria for far-and near-transfer were not based on data, and thus, the MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 21 distinction might be arbitrary. Future study with larger sample could evaluate the distinction between "far" and "near" quantitatively based on covariance structure analysis of the participants' task performance (e.g. factor analysis and structural equation modeling). Third, this study did not provide direct evidence for the superiority of multicomponent training over single component training. To specify whether the combination of multiple components of cognitive training is critical for trainability, the effect of training for each component should be compared to the effect of the MTCC. Fourth, this study design utilized a passive no-contact control group. It is possible that the training effects demonstrated in our study might have been overestimated due to unknown confounding factors (e.g. social interactions, demanding characteristics, and placebo). Future research would benefit from examining the differential benefits of the MTCC using active versus passive control groups in order to investigate more systematically the effect of the MTCC. Lastly, the lack of random assignment and follow-up assessment were also limitations that warrant attention.
Conclusions
Cognitive control of older adults was improved after the multicomponent training of cognitive control, tailored to each individual's capacity. The benefits of this MULTICOMPONENT TRAINING OF COGNITIVE CONTROL 22 training transferred to other untrained cognitive functions, such as recognition memory and general cognitive functioning. In addition, the frontoparietal cognitive control network of older adults appeared to expand after the training. are statistically significant (p < .05 one-tailed). Effect size d (Cohen's d; Cohen, 1988) was corrected using the Hedges and Olkin (1985) correction factor to avoid small sample bias:
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Pre-and post-training mean (SD) performance in transfer tasks and fMRI task.
Training group (n = 14) Control group (n = 13) indicating that the training group improved more than the control group.
a Results of paired t-test (baseline vs. post-training, two-tailed) in each group. Note. The coordinates x, y, and z are the MNI coordinates. This result is set at the threshold of p < .05 (FWE corrected), and spatial extent ≥ 10 voxels for significance. R = right, L= left.
